Human squamous carcinoma cells attach and spread on thrombospondin (TSP)-coated culture dishes but exhibit significant variability among individual cell lines in their degree of responsiveness. Using a highly responsive squamous carcinoma line and a cell line which is much less responsive (as well as a human melanoma cell line which does not respond at all in the adhesion assay), we have examined binding of exogenous radiolabeled TSP. The cells which were the most responsive to TSP in the adhesion assay bound the greatest amount of radiolabeled ligand. Binding was time-and dose-dependent, saturable, inhibitable with excess unlabeled TSP, reversible, and specific. The less-responsive squamous carcinoma cells bound only 25-30% of the amount of TSP bound by the highly responsive cells while the nonresponsive melanoma cells bound less than 10% of the amount bound by the highly responsive squamous carcinoma cells. Our previous studies (J. Varani et al. (1986) Exp. Cell Res. 167, 376) have shown that the highly responsive squamous carcinoma cells also synthesized the greatest amount of TSP as indicated by biosynthetic labeling studies. The less-responsive squamous carcinoma cells were intermediate in synthetic activity and no synthetic activity was seen with the melanoma cells. These findings suggest that the amount of ligand bound may determine the degree of biological responsiveness and that endogenously synthesized TSP may be the source of that ligand. @ 1988 Academic PRSS, 1nc.
Thrombospondin (TSP) is a high molecular weight glycoprotein constituent of platelet a-granules. It is secreted during activation and plays a role in the secondary phase of platelet aggregation [l-5] . Past studies have shown that TSP is also synthesized by a number of different cell types in culture and is incorporated into the extracellular matrix [6-lo] . Like other glycoprotein constituents of the extracellular matrix (e.g., laminin and tibronectin), TSP serves as an adhesion factor for cells. We demonstrated that human keratinocytes and squamous carcinoma cells attached and spread in response to TSP [II, 121. Under the same conditions, eight different melanoma and glioma lines failed to respond. Melanoma cells do not appear to be universally unresponsive, however, since it has recently been shown that TSP induces attachment and spreading of G361 and C32 melanoma cell lines [ 131.
In our studies, we observed significant variability among squamous carcinoma cell lines in their degree of responsiveness to TSP. In the most responsive squamous carcinoma lines, greater than 70% of the cells attached and spread within 30 min of treatment while in the least responsive lines, only lO-12% of the cells responded [ 1 I] . In order to begin probing the cellular and molecular basis for the differences among the lines in their response to TSP, we have used a radioligand-binding assay to assess TSP binding by these cells. Two squamous carcinoma lines-the most highly responsive and the least responsive from the group used in our previous study-as well as one of the nonresponsive melanoma lines were used. Results from these studies indicated that the cells bound TSP in a receptor-mediated fashion and that the highly responsive squamous carcinoma cells bound significantly more of the ligand than either the low-responsive squamous carcinoma cells or the nonresponsive melanoma cells. Taken together with our previous studies showing a direct relationship between TSP biosynthesis and biological responsiveness in the cell-substrate adhesion assay [ 111, these findings suggest that the amount of ligand bound to the cell surface may determine the degree of biological responsiveness and that under natural conditions, endogenously synthesized TSP may be a source of that ligand.
MATERIALS AND METHODS
&l/s. Two human squamous carcinoma cell lines (designated UM-SCC-1lB and UM-SCC-22B, respectively) and one human melanoma cell line (designated SK-MEL-28) were used in these studies. The isolation and characterization of these lines have been described previously [14, 151 . These lines were used in our recent studies characterizing the cell-substrate adhesion response to TSP [ll, 121. The UM-SCC-11B cells were among the most responsive of the squamous carcinoma lines while the UM-SCC-22B cells were the least responsive. Like the other melanoma cells examined, the SK-MEL-28 cells were nonresponsive to TSP in the adhesion assay. For the present study, all three lines were grown in monolayer culture under identical conditions. The growth medium was Eagle's minimal essential medium with Earle's salts (MEM) supplemented with nonessential amino acids, 15% fetal bovine serum, 100 U/ml of penicillin and 100 ug/ml of streptomycin. Growth was at 37°C in medium equilibrated with 5 % CO*. The cells were subcultured by trypsinization as required.
Reagents. TSP was purified from the supernatant fluid of thrombin-activated platelets as described previously [4] . The purified TSP migrated as a single protein band with an apparent M, of 180 kDa when examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions.
The production and characterization of polyclonal and monoclonal antibodies directed against TSP have been described previously . The monoclonal antibodies were purified from ascites fluid by ammonium sulfate precipitation followed by affinity chromatography on protein A-Sepharose. Purity was determined by SDS-PAGE.
Laminin was used in certain experiments. The laminin was prepared from the Englebreth-HolmSwarm (EHS) tumor by the method of Timpl er al. [20] . Purity of the laminin was assessed by SDS-PAGE and by enzyme-linked immunosorbent assay (ELISA) [21] . When examined on a 7% SDS-polyacrylamide gel under reducing conditions, only two protein bands (at 200 and 400 kDa) were seen. The laminin reacted by ELISA with monospecific polyclonal anti-laminin antibodies at dilutions up to 1 : lo6 but did not react with antibodies to type IV collagen or fibronectin. Adhesion assay. Cell attachment and spreading on TSP-coated wells of a 24-well dish were used as a measure of adhesion. TSP (25 l&well unless otherwise stated) was added to each well in 0.5 ml of serum-free MEM and incubated at 37°C for 2 h. Control wells received serum-free MEM alone. After incubation, the nonattached TSP was removed and the wells were washed one time. Each well then received 0.5 ml of MEM supplemented with 1% bovine serum albumin. The cells were added 15 min later and incubated at 37°C. At various times thereafter, the nonattached cells were removed and counted with an electronic particle counter. The wells were washed and flooded with 2 % glutaraldehyde. The percentage of attached cells which were spread was determined microscopically using a calibrated grid.
TSP binding studies. TSP purified as described above was iodinated using immobilized chloramine-T on nonporous polystyrene beads (Iodo-Beads, Pierce Chemical Co., Rockford, IL). Free iodide was removed by filtration on a Sephadex G-25 column. "'1-TSP of high specific activity (2.2-3.2~ lo6 CPM/ug of protein was obtained. The '*'I-TSP prepared in this way retained biological activity (i.e., in the adhesion assay). This material was used to assess TSP binding. The binding studies were performed with cells in monolayer culture as described previously [22] . Cells (3.5~ 10') were seeded into wells of a 24 well culture dish using MEM supplemented with 15 % fetal bovine serum as the culture medium. After incubation for 24 h at 37°C and 5% CO1, the cells were washed two times and reincubated in MEM supplemented with 200 pg of bovine serum albumin/ml. Two hours later, 0.25 ml of fresh MEM containing 200 ug of bovine serum albumin, appropriate amounts of '2SI-TSP, with or without lOO-fold excess of unlabeled TSP, was added to the cells. After an appropriate incubation period (normally 30 min at 25°C). the binding medium was aspirated and the monolayers were washed four times with cold binding medium. The cells were then removed by trypsinization and the entire contents were transferred to a vial for counting. The wells were then washed three additional times with binding medium and the fluid was added to the corresponding vials. All assays were run in duplicate or triplicate with parallel cultures used to determine cell numbers. Specific binding was defined as the total radioactivity bound minus the amount bound in the presence of lOO-fold excess unlabeled TSP and was adjusted in each experiment to a standard cell number. For comparative purposes, cells were removed from the wells by scraping and compared to cells removed by trypsinization. Virtually identical amounts of radioactivity were recovered. Wells which had received all the reactants except cells served as controls. The amount of lZ51-TSP bound to these wells with the entire surface available was less than 12% of the amount bound in the presence of the cells.
In some experiments, the cells were harvested with trypsin, washed two times in MEM supplemented with 200 ug of bovine serum albumin/ml, and then examined for TSP binding in suspension.
The binding studies on cells in suspension were carried out using the rapid filtration methods as described previously [23] . The same buffer, cell concentration, and concentrations of ligand were used to measure binding in suspension as were used in the monolayer binding studies.
Enzyme-linked immunosorbenr assay (ELISA). ELISAs were performed to quantify the amount of TSP secreted into the culture medium by the cells. Cells were plated at 3.5~10' cells per well in growth medium and grown for 1 day. Following this, the wells were washed two times in serum-free MEM and the cells were incubated for an additional 2 h in MEM supplemented with 200 ug/ml of bovine serum albumin. After 2 h, the culture medium was harvested, clarified by low-speed centrifugation, and added to wells of a 96-well plate (Falcon Plastics, Oxnard, CA) from lots which had been prescreened for acceptability in ELISAs. We used 200 ul of the culture medium per well and incubated the wells for 4 h at 37°C. Control culture medium served as the control. Purified human platelet TSP (0.5-0.0005 ug per well) was also added to the assay plate to serve as a standard. After the 4-h incubation, the culture medium from the cells and the control culture medium were removed from the wells and the ELISA was then run exactly as described previously [21] . The cells from which the culture medium was obtained were harvested with trypsin and counted.
RESULTS

TSP-Stimulated Attachment and Spreading
TSP-induced attachment and spreading of the three cell lines were examined in the first series of experiments. Kinetics of the response are shown in Fig. 1 . Both of the squamous carcinoma lines (UM-XC-11 B and UM-SCC-22B) attached and spread over the same time course in response to TSP although the response was quantitatively greater with the UM-SCC-11B cells than with the UM-SCC-22B cells. The effects were seen as early as 15 min after plating. Differences between TSP-treated cells and the untreated control cells persisted for several hours, although the control cells also attached and spread after prolonged incubation (4-24 h). In contrast, the melanoma cells (SK-MEL-28) failed to attach and spread in response to TSP. These data are similar to what we have previously published [ 11, 121 and are presented here for comparison with ligand-binding data (following section). 
TSP-Binding Studies
The characteristics of '251-TSP binding were examined in detail using the UM-SCC-1lB cells. Time course studies (Fig. 2) indicated that binding was time dependent and that there was good accord between the kinetics of ligand binding and the kinetics of the biological response (compare Figs. 1 and 2) . Ligand binding was concentration dependent over the range of 0.5-20 ug per reaction (Fig. 3) and was saturable. In the presence of loo-fold excess unlabeled TSP, binding was reduced by 60-70%. Analysis of the binding data shown in Fig. 3 by the Scatchard method [24] (Fig. 3, insert) b TSP binding to the extracellular matrix was determined exactly as described for cells in monolayer except that the cells had been removed from the wells by gentle scraping immediately prior to assay.
' TSP binding to cells in suspension was measured using cells immediately after removal from the extracellular matrix by trypsinization. Per reaction 3. matrix was determined. Binding to the residual matrix accounted for less than 10% of the binding observed in the presence of viable cells (Table 1) . In contrast, when cells were removed from the matrix by trypsinization and then examined in suspension for TSP binding, the results were very similar to those observed in monolayer binding studies. That is, binding was time and concentration dependent. The amount bound at saturation was similar to that bound by cells in monolayer (Table 1 ). In addition, the concentration at which half-maximal binding occurred (31 nM) was very similar to the concentration at which half maximal binding occurred to cells in monolayer (24 n&Q. Additional studies with cells in monolayer were carried out to further charac- b '251-TSP (2 ug) was added to the culture wells along with varying amounts of laminin. Binding was determined after 30 min.
' '*'I-TSP (2 ug) was incubated with the indicated amount of monoclonal antibody (Mab) for 1 h at 4°C. The '*'I-TSP-Mab complex (in 250 ul) was then added to culture wells and binding was determined after 30 min. Antibody A6.1 is directed against the trypsin-resistant 70-kDa core of the TSP molecule. Antibody C6.7 is directed against the platelet-binding domain of the TSP molecule. Antibody A2.5 is directed against the heparin-binding domain of the TSP molecule. Antibody D4.6 is directed against Ca*+-dependent structures of the TSP molecule. terize TSP binding. These studies showed that binding was reversible and specific. Reversibility was demonstrated by exposing the cells to '251-TSP for 15 min and then treating them with loo-fold excess of the unlabeled ligand. When this was done, the amount of specific binding detected 30 min later was reduced by 76% (Table 2 ). Specificity was demonstrated by measuring TSP binding in the presence of laminin. Using a constant amount of '251-TSP (2 ug per well) and various amounts of laminin, we found that laminin had no inhibitory effects on binding at concentrations as high as 400 yg per reaction (Table 3) .
A series of anti-TSP monoclonal antibodies were also examined for ability to interfere with "'1-TSP binding. Appropriate amounts of each antibody were preincubated with a standard amount of TSP (2 ug) for 1 h at 4°C. Following this, binding experiments were carried out in the normal manner. The antibodies interfered with TSP binding in a dose-dependent manner (Table 3) and there was a good correlation between inhibition of binding and inhibition of TSP-induced adhesion [ 1 I] .
The ability to measure the binding of exogenous TSP by cells which also synthesize TSP raises the question of why the endogenous TSP does not interfere with binding of exogenous TSP. To address this question, we examined the amount of endogenous TSP secreted into the culture medium under the conditions of the binding assay. UM-SCC-1 1B cells were grown in a 24-well culture dish, washed in serum-free medium, and then incubated for 2 h in MEM supplemented with 200 ug of bovine serum albumin/ml. At the end of the 2-h incubation period, the culture fluid was harvested and examined for immunoreactive TSP using a sensitive ELISA. MEM supplemented with 200 ug of bovine serum albumin/ml incubated in the absence of cells served as the negative control and various amounts of platelet TSP in the same buffer were used to generate a standard curve. Based on comparison with the standard curve, the amount of TSP in the culture fluid of the UM-SCC-11B cells was found to be 0.15 &ml (Table 4) . Based on the binding data obtained with exogenous "'1-TSP, the percentage of binding sites occupied with endogenous TSP was calculated to be less than 1% of the number available. The amount of TSP in the culture fluid increased at a linear rate through 6 h. After 6 h there was approximately 0.5 ug of TSP in the culture fluid (Table 4 ). This amount of TSP is sufficient to induce cell-substrate adhesion of the squamous carcinoma cells. This is of interest since our previous studies showed that the squamous carcinoma cells began to attach and spread in the absence of exogenous ligand after 4-6 h [ 1 I].
TSP binding by two other cell lines (UM-SCC-22B and SK-MEL-281 was also examined. The UM-SCC-22B cells bound '251-TSP in a concentration-dependent manner; binding was saturable and could be inhibited with excess unlabeled TSP (Fig. 4) . In comparison to the UM-SCC-1 1B cells, the UM-SCC-22B cells bound much less TSP. The SK-MEL-28 cells also bound '2SI-TSP, but these cells bound 
DISCUSSION
Recent studies have shown that TSP, like other components of the extracellular matrix, stimulates attachment and spreading of cells [ 1 l-131 . In a recent study we showed that a whole series of human squamous carcinoma cell lines responded to TSP but that there was significant variability among the lines in responsiveness. In contrast, no observable attachment and spreading in response to TSP occurred in a series of melanoma or glioma lines [l 1, 121. The present study begins efforts to understand how responsiveness to TSP is regulated in human squamous carcinoma cells. Our studies indicate that squamous carcinoma cells bind TSP in a receptor-like fashion. Using '*'I-TSP as the ligand, binding was found to be time dependent, concentration dependent, saturable, inhibitable with excess cold TSP, and reversible. Analysis of the binding data by the Scatchard method [24] provided data consistent with a single class of binding sites on the cells. There was good correlation between ligand binding and biological responsiveness (cell-substrate adhesion). The kinetics and concentration dependence of ligand binding were in good accord with the kinetics and concentration dependence of the cell-substrate adhesion response. Further, ligand binding was inhibited by a series of monoclonal antibodies (Table 3) which react with the TSP molecule and which have previously been shown to inhibit TSP-induced cell-substrate adhesion [ 111. Finally, there was a direct relationship among the three cell lines examined in this study between TSP binding and TSP-induced cell-substrate adhesion (compare Figs. 1 and 4) .
The nature of the TSP binding site(s) remains to be elucidated. Although most of our studies were carried out on cells in monolayer culture, the available data suggest that the majority of binding was to the cell surface rather than to the extracellular matrix laid down by the cells. This suggestion is based on a number of observations. First, direct binding studies using the wells from which cells had been removed by gentle scraping showed that less than 10% of the amount of ligand which bound to the intact cells bound to the residual matrix. Second, freshly trypsinized cells in suspension bound TSP with characteristics similar to those of cells in monolayer. Additionally, our recent studies 1111 using immunofluorescence techniques demonstrated that TSP is distributed uniformly over the cell surface in a punctate pattern. There was no suggestion of an extracellular matrix-like staining pattern. Finally, the TSP-binding characteristics of the cells used in this study were similar to the binding characteristics of Chinese hamster ovary cells [25] , human monocytes [26] , human platelets, C32 melanoma cells, and HT1080 fibrosarcoma cells [27] . It was shown with platelets, monocytes, and several tumor lines that an 88-kDa surface protein was responsible for TSP binding [26, 271. Furthermore, it was shown that equivalent binding was obtained with tumor cells in suspension and in monlayer. Taken together, these data suggest that while some binding may occur to extracellular matrix moieties, the majority of binding appears to be to the cells themselves.
In addition to the differences between the three cell lines in TSP binding, there are similar differences in TSP biosynthesis. It was recently shown that the highly responsive squamous carcinoma cells synthesized much more TSP than the lessresponsive squamous carcinoma cells and melanoma cells. The melanoma cells, in fact, demonstrated no detectable synthetic activity [ll] . Further, there was a direct relationship between TSP biosynthesis and cell surface expression as seen by immunofluorescence [ 111. Taken together, these observations suggest that the capacity of cells to synthesize TSP is coregulated with their capacity to bind the molecule and respond to it. This supports the view that the expression of binding activity for this extracellular matrix molecule occurs, at least in part, to facilitate interaction with endogenously synthesized TSP. Whether the expression of receptors for extracellular matrix molecules in general occurs primarily to facilitate interaction with endogenously synthesized ligand or with preformed molecules in the matrix is the subject of current debate [21, 28-301. 
